Work has been conducted to develop REBCO (Rare-Earth Barium Copper Oxide) 
Introduction
High-temperature superconducting (HTS) magnets have developed using REBCO (Rare-Earth Barium Copper Oxide) coated conductors for Maglev. The REBCO coated conductor is superior to other HTS superconductors in terms of current density in high magnetic field environments. The REBCO coil is as light as low temperature superconducting (LTS) coils, and can be operated at around 40 to 50 K. The cooling down process is easy since the magnet is cooled by cryocoolers without liquid helium and nitrogen. The cryogen-free operation is low in cost. In addition, the small energy consumption of the cryocoolers makes it possible to down-size the on-board power supply of the Maglev vehicle.
To date, only a few large REBCO magnets have been built, and most of them were made for basic research. Research has recently begun into the application of REBCO magnets, for example, to Maglev, NMR, MRI and accelerators. It should be understood that LTS techniques cannot be applied to the REBCO magnet directly. The coil winding, impregnation, thermal insulation and current mode need to be changed drastically.
A number of REBCO magnets have already been developed, and results have been collected on their construction methods and design [1, 2] . This study examines the attempt to build a real-size REBCO magnet with a magnetomotive force of 700 kA. This paper describes the specifications of the real-size REBCO magnet, innovative coil winding methods and vibration test results on racetrack pancake coils.
Basic design of an on-board REBCO magnet
An on-board Maglev magnet must be lightweight and highly reliable to withstand running vibrations. Considering the production volume of the magnets, production cost is also an important factor. It was therefore necessary to design a REBCO magnet with these characteristics by taking advantage of its high operating temperature.
Concepts of the REBCO magnet
The following concepts were applied during the development of the on-board REBCO magnet:
1. Thermal insulation structure without a radiation shield 2. Cooling system with two pulse tube cryocoolers driven by one compressor. 3. Excitation with on-board power supply Firstly, the first concept above will be discussed. The radiation shield is a thermal insulation structure located between the outer vessel and the superconducting coil. As its name suggests, it reduces the radiation heat input and is necessary for LTS magnets. In the case of the REBCO magnet, the radiation shied is not necessary because of its high operating temperature. The operating temperature of the REBCO magnet is above 40 K, which is similar to the temperature of the radiation shield in a conduction-cooled LTS magnet. The absence of the radiation shield offers two advantages. First, the outer vessel is smaller and lighter. Secondly, the inter-linkage magnetic flux increases because of the shorter distance between the ground coil and the superconducting coil. Furthermore, cooling the REBCO magnet without liquid helium and liquid nitrogen lowers operational costs. However, uniform cooling of a REBCO coil will be difficult, without use of these cryogens which transfer heat effectively. Instead of cryogens, high purity aluminum or copper will be employed to transfer heat from the coil to the cryocooler.
Next, the second concept will be discussed. An on-board magnet consists of four racetrack coils. Cooling the coils with two pulse tube cryocoolers is considered to be an effective method, as shown in Fig. 1 . The two cryocoolers are driven by one compressor. This assembly minimizes energy consumption and maintenance costs. In the previous related study, this cooling system demonstrated high cooling efficiency [3] . The compression load is homogenized because Lastly, the third concept will be discussed. It is considered that the persistent current mode of an on-board RE-BCO magnet is not available at present. Although reports on the superconducting joint between the REBCO conductors do exist [4] , it has not yet reached a practical stage. Since the length of commercial REBCO conductors is only several hundred meters, coils require a high number of soldered joints. This means that current in a REBCO coil might attenuate faster than in a LTS coil. Because of the high operating temperature, development of a superconducting switch is also difficult. On the other hand, recent switching power supply systems are compact and highly efficient enough for Maglev use. The increment in weight and energy consumption is negligible. The on-board power supply should be sufficient to control the magnetomotive force during Maglev operation depending on the running condition.
Specifications of the REBCO magnet
The current capacity of the superconducting wires increases as the temperature decreases. Since the critical temperature of LTS wires is usually below 25 K, LTS coils are commonly cooled at 4.2 K with liquid helium. As the REBCO coated conductor has a critical temperature of around 90 K, there is some range for operating temperature. For example, a REBCO magnet for use in a high magnetic field above 20 T should be cooled down to around liquid helium temperature. However, in the case of Maglev application, the maximum magnetic flux density is approximately 5 T, then there is no need for the REBCO magnet to be cooled down to such a low temperature. The operating temperature of the on-board magnet is set to minimize the Operating temperature
Operating current
Coil specification total weight of the coil, insulation structure, power supply and the cryocooler. The operating current affects the coil inductance (number of turns) and heat input. The mutual relationships among these factors are shown conceptually in Fig. 2 . One of the important factors is heat input by current leads (the combination of joule heating and thermal conduction). If a magnet is continuously energized with a power supply, the heat input through a pair of optimized current leads is approximately 0.1 W/A. With two pairs of 500 A current [5] leads, the heat input is 100 W (two sources of power supply per magnet). The heat input of 100 W is larger than the other heat inputs, such as radiation or conduction through support structures.
However, a smaller operating current causes problems such as an increase in the number of turns, which requires more time for coil production. Narrow coated conductors must be used to increase the number of turns, which makes coil fabrication difficult. Generally, several pancake coils are stacked to make a large REBCO coil. The difficulty of winding coil with use of narrow conductors is due to the flat shape of a pancake coil.
The operating current was set at 250 A in consideration of the heat input and the coil winding problem. The specifications of the REBCO coil are summarized in Table 1 . The operating temperature is estimated to be around 30 to 40 K based on the measurement results of a commercial coated conductor (SuperPower Inc. SCS 6050-AP). Given that many companies and institutes have been improving REBCO coated conductor performance, current density is likely to increase by more than by half, while the critical temperature will probably reach 50 K in the near future [6] . One operational method is to cool the coil to 40 K under normal conditions. If a cryocooler fails during the Maglev operation, the coil can maintain a temperature below 50 K for more than one hour because of its heat capacity [7] .
Basic design of the coil case
The REBCO coil must be contained in a rigid case to withstand the hoop stress, and levitation and propulsion force. High thermal conductive metals should be arranged around the REBCO coil for heat transfer, as shown in Fig. 3 . In the LTS magnet, the coil case is filled with liquid helium for coil cooling. That coil case is referred to as an inner vessel and it is, of course, a gastight container. Since the RE-BCO coil case does not need to be gastight, there are few limitations on case design and material.
In the 700 kA excitation test, the coil experienced actual hoop stress. Therefore, a new design was examined for the coil case. The target weight (including the REBCO coil, the coil case and heat transfer members) was 140 kg. We chose aluminum alloy for the coil case material. The extra super duralumin has the same or better proof stress than that of stainless steel. However, the vibration characteristics can change because it has a smaller Young's modulus. Therefore, structural analysis was conducted in parallel with the case design. 
Fabrication method of pancake coils
Innovative coil fabrication methods are necessary for realizing a thermally-stable REBCO coil which does not deteriorate due to thermal stress [8] . One of the problems in REBCO coil production is the impregnation process. Epoxy impregnation seriously affects performance. Meanwhile, a REBCO coil without epoxy impregnation is fragile and cannot make thermal contact with the heat transfer members. A stable heat path is necessary for REBCO coils in onboard magnets.
Thermally-stable coil structure without deterioration
Performance deterioration in the epoxy impregnated REBCO coil is due to the difference in thermal shrinkage between the epoxy resin and the coated conductor [8] . Consequently, huge stress is generated between the turns during the cooling process. As a result, the coated conductor is delaminated and damaged. Although using resins with low adhesiveness may be one of the solutions [2] , such resins risk breaking the thermal path. A coil structure concept was therefore used to control the adhesive area: heat transfer members were tightly bonded to the coil surface, and the coated conductors between turns were kept free from the adhesive (see Fig. 4 ). Two practical methods based on this concept were developed. One is using PTFE tape as the insulation for the turns and applying epoxy impregnation. PTFE, well known as Teflon®, does not stick to most resins, including epoxy [9] . The coated conductor and the PTFE tape are wound together, and the PTFE prevents the degradation. Since the coil surfaces are not covered with the PTFE tape, heat transfer members are tightly bonded to the coil by epoxy resin (see Fig. 5. a) .
The other method does not employ impregnation and using thermoplastic resin. The thermoplastic resin is prebonded to the surface of heat transfer members [10] . Then the coil and the heat transfer members are assembled and heated (see Fig. 5. b) . Thus, the coil and heat transfer members are bonded together by the thermoplastic resin. The viscosity of the thermoplastic resins is high enough REBCO 
is applied to both of them
for not permeating the coil turns, unlike epoxy resin. In this research, ethylene acrylic acid copolymer was chosen, known as Nucrel®, and it was confirmed that it does not peel or delaminate in a cryogenic environment.
Fabrication of pancake coils
Two pancake coils were experimentally produced with the proposed production methods proposed. The specifications of the pancake coil are already shown in Table 1 . It is planned to make 8 pancake coils in total and to demonstrate the magnetomotive force of 700 kA.
Each coil was wound with a commercially available coated conductor (SuperPower Inc. SCS6050-AP). The total length of the conductor was 950 m per pancake coil. As the commercial conductor length is 100 m, there are 9 soldering joints in a coil. The pancake coil was designed to be very thin to allow stacking. The thickness of the coil including the heat transfer members was only 8.5 mm, even though the conductor width was 6 mm. Figure 6 shows a picture of the pancake coil. The coils were excited in liquid nitrogen before and after the epoxy impregnation or the fusion bonding to evaluate the degradation. The I-V characteristics of the two coils at 77 K are shown in Fig.7 .
The excitation tests confirmed that the epoxy impregnation or the fusion bonding does not affect the I-V characteristics, and the n-values are always more than 23. The n-value is a barometer of the soundness of the superconductivity. Higher value indicates better soundness. The coil co-wound with the PTFE tape shows a lower critical current than that of the fusion-bonded coil. However, this difference is due to variation in critical current of commercially available coated conductors, not the production method itself.
Vibration test on the pancake coils
The coil must fulfill the requirements for actual Maglev operation. In other words, the endurance test which simulates the running vibration of Maglev is necessary. For rigorous vibration tests, the pancake coils must be stacked and packed in the coil case. Before that, vibration tests of individual pancake coils were conducted as a preverification.
Experimental apparatus
Experimental apparatus capable of vibrating the pancake coils in liquid nitrogen (see Fig. 8 Table 2 .
Test condition
Because of the low stiffness of each pancake coil, applying actual acceleration causes unrealistic deformation. The vibration test conditions were determined on the basis of the deformation value. The test conditions were as follows: maximum deformation 1 mm; number of vibrations, 180,000 times; frequency, approx. 11 Hz, which is the primary bending mode. One millimeter exceeds possible deformation because this was an overload test. The acceleration rod was fixed to the curved section of the coil. Acceleration sensors were arranged around the coil. The I-V characteristics and eigenmodes were also measured to evaluate the influence of the vibration (see Fig. 9 ). 
Experimental results
The I-V characteristics before and after the vibration test are summarized in Table 3 . Both the critical current and the n-value have not changed at all. In other words, the electrical performance of the coils did not deteriorate.
As an example of vibration properties, Fig. 10 shows the waterfall chart of the PTFE co-wound coil after the vibration test. The waterfall chart indicates the acceleration of the coil against the vibration frequencies of the vibrator and the coil. At a vibration frequency of 11 Hz, the acceleration of the coil peaked at around 11 Hz. This result corresponds with the primary bending mode. If the coil is mechanically damaged, the stiffness decreases and the positioning of the acceleration peak must move. Delamination or peeling of the adhesion area causes chatter vibration, and the harmonic component of the coil acceleration will increase. Both the PTFE co-wound coil and the fusionbonded coil did not indicate any change of eigenmode and harmonic component. These experimental results indicate that both the coils have enough tolerance for deformation caused by vibration.This vibration test is based on the coil deformation, but not on the acceleration caused by Maglev operation as mentioned above. The purpose of this test is confirmation of the mechanical properties of each pancake coil. This process is necessary for the 700 kA excitation and acceleration test using the stacked pancake coils.
Summary
If the on-board REBCO magnet is realized, the operating temperature can be raised without increasing the coil weight, because the REBCO coated conductor has high current density in high temperature and high magnetic field environments. Further, the cryogens are unnecessary and the operation becomes easy and inexpensive. The energy consumption of the cryocooler will also decrease. Consequently, the on-board power supply will be down-sized.
Development of a real size and full magnetomotive force REBCO coil is in progress. The following conclusions were obtained based on a feasibility study and verification tests:
1. There are some difficulties in achieving the persistent current mode of a REBCO magnet. Excitation with an external power supply is the most reasonable method so far. Considering heat input through the power leads, 250 A is suitable operating current for the on-board REBCO magnet. The operating current affects the width of the conductor. Then at 250 A, the conductor can be wide enough for coil winding, and commercially available cryocoolers are able to cope with the heat input. 2. A thermally-stable REBCO coil which does not deteriorate is required for Maglev applications. Two coil production methods were verified: the first uses a coil co-wound with PTFE tape and epoxyimpregnated, and the other is a coil using thermoplastic resin for the bonding of heat transfer members. The two pancake coils were experimentally produced: one was produced using the first method, and the other using the second; both coils withstood thermal stress and mechanical vibrations. No electrical or mechanical deterioration was observed.
Work is now underway to design the coil case and other components in parallel with the production of the pancake coils. Furthermore, 700 kA excitation tests are being prepared.
